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Phloem loading is the initial step in photoassimilate export and the
one that creates the driving force for mass flow. It has been
proposed that loading occurs symplastically in species that trans-
locate carbohydrate primarily as raffinose family oligosaccharides
(RFOs). In these plants, dense fields of plasmodesmata connect
bundle sheath cells to specialized companion cells (intermediary
cells) in the minor veins. According to the polymer trap model,
advanced as a mechanism of symplastic loading, sucrose from the
mesophyll diffuses into intermediary cells and is converted there to
RFOs. This process keeps the sucrose concentration low and,
because of the larger size of the RFOs, prevents back diffusion. To
test this model, the RFO pathway was down-regulated in Verbas-
cum phoeniceum L. by suppressing the synthesis of galactinol
synthase (GAS), which catalyzes the first committed step in RFO
production. Two GAS genes (VpGAS1 and VpGAS2) were cloned
and shown to be expressed in intermediary cells. Simultaneous
RNAi suppression of both genes resulted in pronounced inhibition
of RFO synthesis. Phloem transport was negatively affected, as
evidenced by the accumulation of carbohydrate in the lamina and
the reduced capacity of leaves to export sugars during a prolonged
dark period. In plants with severe down-regulation, additional
symptoms of reduced export were obvious, including impaired
growth, leaf chlorosis, and necrosis and curling of leaf margins.
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Up to 80% of the carbon fixed in mature leaves by photo-
synthesis is exported to heterotrophic sinks to enable their

growth and development. The first step in the transport pathway,
and one that is highly regulated (1, 2), is the transfer of
photoassimilate from mesophyll cells to the sieve elements (SEs)
and companion cells (CCs) of minor veins (3–6). This process,
known as phloem loading, creates the positive hydrostatic pres-
sure difference between source and sink phloem that drives the
mass flow of solution.

Two loading mechanisms have been proposed. In one, pho-
toassimilate enters the apoplast and is subsequently loaded into
the phloem by specific transport proteins (3, 7). The second
mechanism appears to be entirely symplastic (by plasmodes-
mata) (4–6). The first hint that loading might take place
symplastically came from the discovery, in certain species, of
specialized CCs (intermediary cells) in the minor veins, which
are linked to bundle sheath cells by extremely high numbers of
asymmetrically branched plasmodesmata (5).

In all plants with intermediary cells, the phloem sap contains
a substantial amount of raffinose family oligosaccharide (RFO),
especially the tri- and tetrasaccharides, raffinose, and stachyose.
The consistent association of RFOs with intermediary cells
suggests that the synthesis of these sugars is an integral part of
the phloem-loading mechanism.

This reasoning is the basis of the polymer trap model of
symplastic loading (8, 9). According to the model, sucrose
diffuses from bundle sheath cells into intermediary cells through
the numerous plasmodesmata that connect them. Sucrose is then
converted into RFOs in the intermediary cells. A key, although

as yet unproven, component of the model is that RFOs exceed
the size exclusion limit of the plasmodesmata between bundle
sheath cells and intermediary cells, which prevents their move-
ment back to the bundle sheath and vectorizes the transport
process out of the leaf.

If the synthesis of RFOs is an essential component of the
phloem-loading mechanism, as the polymer trap model suggests,
then down-regulating the pathway that produces these sugars by
molecular-genetic techniques should inhibit long-distance trans-
port. Although various molecular techniques have provided
compelling evidence in favor of apoplastic loading in a number
of model plants (10–13), this approach has not been possible
with RFO-transporting species because of the lack of an efficient
transformation system.

In this paper, we demonstrate that Verbascum phoeniceum
(Scrophulariaceae) can be genetically modified by standard
techniques, and it transports RFOs. Galactinol synthase (GAS)
was down-regulated because the enzyme catalyzes the first
committed step in RFO synthesis, the production of galactinol
from myo-inositol and UDP-galactose (14). Galactinol then
serves as the galactosyl donor in the synthesis of galactosyl
oligosaccharides, such as raffinose and stachyose. This role is the
only known one for galactinol, so the effects of inhibiting its
synthesis are unlikely to be deleterious in other aspects of
metabolism. Results of the experiments indicate that simulta-
neous RNAi suppression of two GAS genes expressed in the
intermediary cells of V. phoeniceum inhibits RFO synthesis and
the long-distance transport of photoassimilates.

Results
GAS Genes in V. phoeniceum. To identify GAS genes potentially
involved in phloem loading, a V. phoeniceum mature-leaf cDNA
library was created. Of the �2.4 � 105 clones screened, four were
isolated from the tertiary screen. Based on the presence of both
putative start codons and polyadenylation sequences, these
clones were interpreted to be full length. The isolated clones
sorted into two unique contigs. The two cDNA clones were
designated VpGAS1 and VpGAS2. The two full-length cDNAs
share 72% identity, the ORFs are 78% identical, and the
translated amino acid sequences are 83% identical. The deduced
amino acid sequences of VpGAS1 and VpGAS2 are highly
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homologous to known GAS genes from Arabidopsis thaliana
(15), Ajuga reptans (16), tomato (17), rice (18), zucchini (19), and
soybean (19). Highest amino acid homology (87%) is with the
gene from A. reptans, which is most closely related to V.
phoeniceum. Translated sequences for both cDNAs contained
the putative serine phosphorylation site (residues 254 and 261 in
VpGAS1 and VpGAS2, respectively) found in many GAS se-
quences (15), as well as a hydrophobic motif, APSAA, at the
carboxyl terminal, which has been found in all reported GAS
sequences (15–17, 20–23).

Localization of VpGAS1 and VpGAS2 mRNA. Northern blot analysis
indicated that VpGAS1 is highly expressed in mature cauline and
rosette source leaves, but is barely perceptible in flowers and sink
leaves (Fig. 1A). VpGAS2 also is expressed in mature cauline and
rosette leaves, and some transcript is detected in sink leaves (Fig.
1B). Galactinol also is produced in the seeds of most species (14),
but expression of GAS in seeds was not studied here.

VpGAS1 and VpGAS2 share visually identical spatial expres-
sion patterns, as determined by whole-mount in situ hybridiza-
tion (Fig. 2). Both transcripts were detected exclusively in the
intermediary cells of minor veins, which are easily recognized by
their relatively large size, elongated shape, location at the
margins of minor veins, and the fact that they occur in pairs
[supporting information (SI) Fig. 7] (24). No other cell types in
V. phoeniceum minor veins share these characteristics.

Phenotype of Transgenic Plants. By using the RNAi construct
pAH-VpGAS2–1, which is designed to suppress the expression of
both GAS genes, 70 transgenic plants representing 32 indepen-
dently transformed lines were generated. In a preliminary
screen, nine of these lines were identified as having the most
significant reduction in GAS expression by Northern blot anal-
ysis (data not shown). The growth of most of these transgenic
plants appeared normal. However, plants 8D and 12B displayed
distinct abnormalities. In low light, they grew at approximately
the same rate as wild-type plants. The young leaves (sink stage)
were normal in size and appearance. However, as the leaves
reached maturity, they grew more slowly than those of wild-type
plants, they developed interveinal chlorosis, and the margins of
some leaves curled and died. Finally, entire leaves died, whereas

leaves of wild-type plants at the same stage of development were
still healthy and green. These symptoms were more pronounced
when the plants were transferred to the greenhouse. Under these
high-light conditions, they grew more slowly than wild-type
plants (Fig. 3). Plant 8D did not flower, whereas plant 12B
flowered but did not set seed. Whole plants were regenerated
from surface-sterilized leaf tissue, and these plants exhibited the
same phenotypes. In electron micrographs, there were no no-
ticeable differences in plasmodesmata structure in either plant
8D or 12B, compared with wild-type plants. The expression
levels of both GAS genes in plants 8D and 12B were studied
further by quantitative real-time PCR. In plants 8D and 12B,
GAS1 expression levels were 5.6% � 0.4% (�SD) and 3.7% �
0.9% (�SD) those of wild type, whereas GAS2 expression levels
were 2.8% � 0.4% (�SD) and 4.3% � 1.1% (�SD) those of wild
type, respectively.

Accumulation and Export of Carbohydrates. Galactinol and RFO
levels in the leaves of plants 8D and 12B are shown in Fig. 4.
Galactinol and RFO levels were greatly reduced, whereas
monosaccharide levels were elevated. The composition of sugars
transported in the phloem-export stream was determined by
labeling leaf blades with 14CO2 for 15 min and analyzing radio-
label distribution in the petiole after a 90-min chase. In the leaf
blades of wild-type plants, substantial amounts of radiolabel
incorporated into RFOs and galactinol (Fig. 5A). In the petioles
of wild-type plants, which contain labeled compounds exported
from the lamina, �50% of the label was in stachyose, with lesser
amounts in raffinose and sucrose (Fig. 5B). Little radiolabeled
galactinol was found in the petiole, which is typical of species that
translocate RFOs (8, 24–26). In the leaf blades of transgenic
plants, the amount of [14C]galactinol was greatly reduced, and
14C-labeled RFOs were barely detectable (Fig. 5A). In propor-
tion to the amount of [14C]sucrose, only small quantities of
14C-labeled RFOs were transported to the petiole in plant 8D,
and they were virtually absent in the transport stream of plant
12B (Fig. 5B).

Fig. 1. RNA gel blot analysis forVpGAS1 (A) and VpGAS2 (B) in different
organs of V. phoeniceum. Ethidium bromide-stained rRNA as loading controls
are shown in the lower gels.

Fig. 2. In situ hybridization of VpGAS1 and VpGAS2. (A and C) VpGAS1 and
VpGAS2 antisense probes, respectively, localize to the intermediary cells. Each
arrow in A indicates an intermediary cell. Note the arrangement of interme-
diary cells in paired files along the lengths of the veins. (B and D) VpGAS1 and
VpGAS2 sense probes show only background staining. (Scale bar: 50 �m.)
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To determine whether transgenic plants are able to export
accumulated carbohydrate during a prolonged dark period,
wild-type plants and the nine lines identified during the original
screen were placed in the dark for 20 h. Sucrose and glucose
levels in wild-type plants declined to �0.5 �g/mg fresh weight,
whereas the levels in transgenic plants remained high, at 1.74 �
0.33 and 7.57 � 1.40 (�SE) mg/g fresh weight, respectively.
Furthermore, at the end of the 20-h dark period, the mesophyll
cells of the transgenic plants stained intensely for starch, whereas
the mesophyll cells in leaves of wild-type plants contained no
visible starch (Fig. 6).

Discussion
The essence of the polymer trap model is that the conversion of
sucrose to RFOs maintains the sucrose diffusion gradient from
mesophyll cells to intermediary cells and prevents back diffusion.
Other models of symplastic loading do not incorporate RFO
synthesis into the proposed mechanisms (27, 28).

To test the model, we began by demonstrating that GAS gene
expression in V. phoeniceum leaves is intermediary cell-specific.

GAS has been immunolocalized to intermediary cells in Cucur-
bita pepo (29), and the expression of one of two GAS genes is
intermediary cell-specific in A. reptans (16). Furthermore, the
CmGAS1 promoter from melon drives reporter gene expression
in minor vein CCs (30). GAS gene expression can be induced in
other cell types in the leaves of various species in response to
stress (15, 16, 20, 31). However, this finding appears to be an
additional function of the biochemical pathway, distinct from the
constitutive synthesis of transport RFOs in intermediary cells.

In preliminary experiments, we down-regulated VpGAS1 and
VpGAS2 separately by using sequences unique to each mRNA.
Although down-regulation was successful, as demonstrated by
Northern blots, RFO levels were unaffected, and the plants grew
normally (data not shown). This result is not surprising given the
redundant expression patterns. However, as reported above,
when both genes were coordinately targeted by using a con-
served mRNA sequence, synthesis of RFOs was reduced to
varying degrees in different transgenic lines. Because RFOs are
synthesized in intermediary cells, it was expected that down-

Fig. 3. Wild type (A) and transgenic plant 8D (B) grown in the greenhouse. (Scale bars: 1 cm.)

Fig. 4. Carbohydrates in mature leaves. (A) Mono- and disaccharide con-
centrations. (B) Galactinol and RFO concentrations. Error bars indicate SE
(n � 3).

Fig. 5. Distribution of radiolabel 105 min after photosynthesis in 14CO2,
calculated as a percentage of the neutral fraction. (A) Radiolabel in the
lamina. (B) Radiolabel in petioles. m, monosaccharides include glucose, fruc-
tose, and galactose; s, sucrose; g, galactinol; r, raffinose; st, stachyose.
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regulating the pathway would alter the proportions of sucrose
and RFOs in the transport stream. This notion was proven true
by exposing leaves to 14CO2 and analyzing the radiolabeled
material transported into the petioles.

Although 14C-transport experiments are useful in analyzing
the composition of the carbohydrates in the phloem stream, they
do not provide information on the absolute amounts trans-
ported. However, it is clear that export was reduced in the
transgenics because they exhibited well established symptoms of
compromised phloem transport. All nine of the transgenics
identified in the initial screen were unable to export efficiently,
as evidenced by high soluble carbohydrate and starch levels at
the end of a prolonged dark period. The most severely affected
of the transgenics grew slowly and exhibited chlorosis and curling
of leaf margins. Symptoms were especially severe in high light,
consistent with an inability of the leaves to match export
potential with carbohydrate synthesis. Down-regulation of load-
ing in species that load from the apoplast also results in the
symptoms described above (10–13, 32).

It is notable that seven of the nine studied transgenics did not
display the most severe symptoms of slow growth and chlorosis.
This result is not surprising given that plants that load from the
apoplast often continue to grow normally in the face of loading
inhibition, and only the most severely affected show visible
indications of stress (10, 11, 13, 32). Chlorosis is caused by an
oversupply of carbon in leaves (10, 11) and is therefore a
secondary symptom of carbohydrate accumulation. Growth will
be slowed only if residual loading activity and long-distance
transport cannot provide sufficient carbon to meristems.

The residual driving force for transport is not clear in either
solanaceous plants with partially down-regulated loading (10, 11,
13, 32) or the transgenic V. phoeniceum plants studied here. It is
possible that there is enough of a safety factor built into
apoplastic-loading mechanisms in solanaceous species that a
reduced amount of activity suffices under most circumstances. In
the case of V. phoeniceum, another possibility is that a small
amount of apoplastic loading occurs normally or is induced by
the down-regulation of symplastic loading. Ordinary CCs, sim-
ilar in appearance to those in the minor veins of apoplastic-
loading plants, are present in the minor veins of Verbascum (SI
Fig. 7) (24), especially in large minor veins, and sucrose trans-
porters have been immunolocalized to these cells in the RFO-
transporting species Alonsoa meridionalis (33). Yet another
possibility is that sucrose diffuses through plasmodesmata into
intermediary cells and then into the SEs and is exported without

conversion to RFOs. Passive entry of sucrose into the phloem
has been documented in willow (34). Although transfer of
photoassimilate to the phloem of transgenic V. phoeniceum
plants clearly occurs, either actively or passively, it is clear that
loading capacity is not sufficient to prevent hyperaccumulation
of carbohydrates, and, in the plants with the most complete
down-regulation, it is not sufficient to prevent slow growth and
other symptoms of compromised export. In conclusion, this
study demonstrates that when RFO synthesis is inhibited in V.
phoeniceum, classic symptoms of compromised phloem transport
ensue. The results indicate that the synthesis of RFOs in
intermediary cells is necessary for efficient phloem transport,
consistent with the polymer trap model.

Materials and Methods
Plant Material. For plant transformation and in situ hybridization,
V. phoeniceum L. cv. ‘‘Flush of White’’ (Garden Makers, Rowley,
MA) seeds were surface-sterilized with 1% (vol/vol) sodium
hypochlorite and 0.1% (vol/vol) Tween 20. They were germi-
nated on Murashige and Skoog (MS) medium (35) supple-
mented with 3% (wt/vol) sucrose and Gamborg’s vitamins (36)
and solidified with 2.5 g/liter Gelrite (RPI Corporation, Mount
Prospect, IL). Soil-grown plants were kept in a growth chamber
set to a 16-h light/8-h dark cycle at 25°C, with an average light
intensity of 62 �mol of photons per square meter per second or
grown in a greenhouse with supplemental lighting.

cDNA Library Construction and Screening. Mature leaves of V.
phoeniceum were used for mRNA isolation by using the
PolyATract kit (Promega, Madison, WI) per the manufacturer’s
instructions. cDNA was synthesized by using oligo(dT) primer
and SuperScript RT (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. The cDNA library was created by
using the �TriplEx Library kit (BD Biosciences Clontech, Palo
Alto, CA) and packaged by using Stratagene Gold packaging
extract (Stratagene, La Jolla, CA).

A fragment of GAS was amplified by degenerate PCR using
V. phoeniceum leaf cDNA as a template and the primers
5�-TTYGCYATGGCYTATTATGT-3� and 5�-CCRGCRGCA-
CAATAATG-3� (IDT, Coralville, IA). The primer sequences
were based on conserved regions identified by the amino acid
alignment of GAS protein sequences found in the GenBank
database. The PCR consisted of five cycles of 94°C for 1 min,
48°C for 4 min, and 68°C for 3 min, followed by 30 cycles of 94°C
for 1 min, 50°C for 3 min, and 68°C for 3 min. A 400-bp fragment

Fig. 6. Starch retention in plants kept in the dark for 20 h. Hand sections were stained for starch with iodine. (A) Wild-type tissue does not stain, indicating
that all starch has been degraded. (B and C) Transgenic plants 8D and 12B, respectively, with heavy starch staining. (Scale bar: 25 �m.)
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was amplified and cloned into pGEM-T Easy (Promega) ac-
cording to the manufacturer’s instructions.

The �2.4 � 105 clones were screened by standard methods
(37) using a 32P-labeled probe specific to the fragment of GAS
described above. The labeled probe was prepared by standard
PCR by using dCT32P (PerkinElmer, Wellesley, MA) and Ex-
Taq polymerase (TaKaRa; Pan Vera, Madison, WI). Sequencing
of clones was performed by Cornell Bioresource Center (Ithaca,
NY). Sequences were analyzed and aligned with Lasergene
SeqMan software (DNASTAR, Madison, WI).

Nucleic Acid Extraction and Gel Blot Hybridization. Total RNA was
extracted from frozen tissue by mixing it with a 1:1 mixture of
acid phenol/RNA extraction buffer (100 mM LiCl/100 mM Tris,
pH 8/10 mM EDTA/1% SDS), followed by 24:1 chloroform/
isoamyl alcohol extraction. RNA was precipitated with 4 M LiCl
and resuspended in 0.5 ml of diethyl pyrocarbonate-treated
water (Sigma–Aldrich, St. Louis, MO). All centrifugation steps
were 10,000 � g at 4°C using a Sorvall rotor SS-34 (Newton, CT).
The RNA concentration was determined by spectrophotometric
measurements by using a Beckman DU-50 spectrophotometer
(Beckman Coulter, Fullerton, CA).

Ten micrograms of denatured total RNA was run on a
denaturing formaldehyde gel and transferred to Hybond N�

nylon membrane (Amersham Biosciences, Piscataway, NJ) by
standard methods (37). Membranes were hybridized with 32P-
labeled probes, and hybridization was visualized by exposure to
BioMax MS autoradiography film (Kodak, New Haven, CT).

Probes specific for each VpGAS gene were synthesized by
PCR with dAT32P (PerkinElmer). Primers specific to unique
regions of the 3�-UTR of each gene were used (VpGAS1,
5�-TTCATGCAGCTCTATTTTATTATCC-3� and 5�-GAT-
CAATACTTTGCAGCCAAGC-3�; VpGAS2, 5�GGCTTA-
ATTAATCCCTACAACTTCG-3� and 5�-TACTTTTATTA-
TTCTTATTACATTTC-3�).

In Situ Hybridization. In situ hybridization was performed as
described by Friml et al. (38). Digoxigenin-labeled sense and
antisense riboprobes corresponding to the 3� UTR for each GAS
gene were synthesized by using a digoxigenin RNA-labeling kit
(Roche Applied Science, Indianapolis, IN) per the manufactur-
er’s instructions. The 3� UTR for each gene was amplified by
PCR using the primer pairs described for Northern blot analysis
and subcloned into the pGEM-T Easy vector. Sense probes were
synthesized by linearization of plasmid DNA with NcoI (New
England Biolabs, Ipswich, MA) and run-off transcription using
SP6 polymerase (Roche Applied Science). Antisense probes
were synthesized similarly by using SpeI restriction enzyme and
T7 polymerase.

Ten-day-old axenically grown seedlings were collected and
immediately used for whole-mount in situ hybridization. Probe
hybridization occurred overnight at 50°C. Anti-digoxigenin-AP
Fab fragments (Roche Applied Science) were used for the
secondary detection reaction. Chromogenic development pro-
ceeded overnight by using BM Purple AP substrate (Roche
Applied Science). The reaction was stopped by rinsing tissue in
TE buffer (10 mM Tris-HCl/1.0 mM EDTA, pH 8.0), and
samples were then applied to microscope slides with Crystal-
Mount (Biomeda, Foster City, CA) mounting medium.

RNAi Vector Construction. The silencing construct was made by
standard methods (37) using the pHANNIBAL vector (39) and
designated pAH-VpGAS2–1. The GAS sequence used to create
pAH-VpGAS2–1 was amplified from a 94-bp sequence that
shared 93% identity between VpGAS1 and VpGAS2. PCR was
used to produce the necessary inverted repeat fragments with
primers incorporating restriction sites at the 5� ends (5�-
CTCGAGAAGGGTTTGAGAAA-3�, 5�-GGTACCTCAA-

AATCTCACG-3�, 5�-GGATCCAAGGGTTTGAGAAA-3�,
and 5�-ATCGATTCAAAATCTCACG-3�). Amplified frag-
ments were subcloned into pGEM-T Easy (Promega) and sub-
sequently digested with appropriate enzymes. Plasmid DNA
containing VpGAS2 was used as a template for the amplification
of fragments for the pAH-VpGAS2–1 construct. The silencing
cassette was cloned into the NotI site of the binary vector
pART27 (40) for Agrobacterium-mediated transformation into
V. phoeniceum.

Plant Transformation. RNAi constructs were introduced into A.
tumefaciens strain GV3101 by standard heat-shock methods (37).
T-DNA was transferred into V. phoeniceum by an Agrobacterium-
mediated method. A. tumefaciens cultures for transformation
were grown by inoculating 20 ml of LB medium containing 100
mg/liter kanamycin, 50 mg/liter rifampicin, and 50 mg/liter
gentomycin with a single A. tumefaciens colony and allowing
cultures to grow overnight at 28°C with shaking at 250 rpm.
Cultures were then centrifuged for 10 min at 4°C at 3,300 � g and
resuspended in 20 ml of liquid MS medium. Immature and
mature leaves of axenically grown V. phoeniceum were excised,
cut into 1-cm squares, bathed in the A. tumefaciens–MS suspen-
sion for 10 min, and blotted dry. The explants were placed on
cocultivation medium, adapted from Turker et al. (41), contain-
ing MS, Gamborg’s vitamins, 1 mg/liter napthalene acetic acid,
3 mg/liter 6-benzyl-aminopurine, and 2.5 g/liter Gelrite. After 2
days, the explants were transferred to selection medium con-
taining MS, Gamborg’s vitamins, 1 mg/liter napthalene acetic
acid, 3 mg/liter 6-benzyl-aminopurine, 100 mg/liter kanamycin,
and 400 mg/liter carbenicillin. Cultures were kept in a growth
chamber with the same conditions as those for seed germination.
Explants were transferred to fresh selection medium every 10
days.

When shoots developed, generally after 14 days or more, they
were excised and placed in selection medium without 6-benzyl-
aminopurine for root induction. A well developed root system
usually formed within 14 days. Plantlets were transferred to a soil
mixture of Metromix 360 (Scotts, Marysville, OH) and vermic-
ulite (3:1) and acclimated slowly to growth chamber conditions.
Finally, the plantlets were repotted in the same soil mixture in
Deepots (cell size D40; Stuewe & Sons, Corvallis, OR), which
are elongated pots that accommodate plants with prominent tap
roots, and were grown to maturity in the greenhouse. Presence
of the transgene was confirmed by PCR amplification of the NPT
II gene by using genomic DNA as a template and NPT II-specific
primers (5�-GAGGCTATTCGGCTATGACTG-3� and 5�-
ATCGGGAGCGGCGATACCGTA-3�) (42).

Expression Analysis. Northern blot analysis was performed as
described above. To prepare template for quantitative RT-PCR,
0.5–1 �g of total RNA was used to synthesize cDNA using the
iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). Quantita-
tive RT-PCR was performed by using SYBR Green I technology
on an PRISM 7000 sequence detection system (Applied Biosys-
tems, Foster City, CA). Primer pairs for the target genes and the
endogenous control were designed with Primer Express version
2.0 software (Applied Biosystems, Foster City, CA). The primer
sequences were 5�-TAGGCTATTTGGTCTATTTTTG-
GTG-3� and 5�-GATCAATACTTTGCAGCCAAGC-3� for Vp-
GAS1, 5�-TGGGTGTTTAACTATGTTTGTGGGCTA-3� and
5�-TCAAATTTCAAACCAAACACAACCA-3� for VpGAS2,
and 5�-CGCGGAAGTTTGAGGCAATAA-3� and 5�-TCG-
GCCAAGGCTATAGACTCGT-3� for Verbascum thapsus L.
18S rRNA (accession no. AF207051).

The 20-�l quantitative RT-PCRs contained 1� Power SYBR
Green PCR Master Mix (Applied Biosystems), 300 nM of each
primer, and 1 �l of template cDNA. The amplification protocol
consisted of an initial cycle of 95°C for 10 min, followed by 40
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cycles of 95°C for 15 sec and 55°C for 1 min. All samples were
amplified in triplicate, and the average was used for further
analysis. Data analysis was performed by using the relative
standard curve method.

Analysis of Carbohydrate Content. Sugars were extracted from
source leaves and purified by ion-exchange chromatography as
described (34). Sugar profiles were determined by HPLC by using
a YMC-Pack Polyamine II column (YMC, Kyoto, Japan). Starch
content was assessed by Lugol’s iodine (43). One-centimeter-
diameter pieces of tissue were removed with a cork borer, cleared
in 70% ethanol, and stained for 30 min. Stained tissue was hand-
sectioned in water and mounted in water on microscope slides.

14CO2 Labeling. 14CO2 labeling was performed as described (34).
Petioles were trimmed of subtending lamina without damaging

the vascular tissue and covered with aluminum foil to prevent
photosynthesis. Blades were allowed to photosynthesize in the
presence of 14CO2 for 15 min, followed by a chase of atmospheric
air for 90 min. Blades and petioles were then separately frozen
in liquid nitrogen and extracted (34). Sugars were separated by
thin-layer chromatography (25). Labeled sugars were identified
by autoradiography and removed by scraping the plates, and 14C
was quantified by scintillation counting in a Beckman Coulter LS
6500.
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